An inducible methanol dehydrogenase showing high activity with 2-chloroethanol was purified from 2-chloroethanol-grown cells of the 1,2-dichloroethane utilizing bacterium Xanthobacter autotrophicus GJ10. The enzyme consisted of a 60 kDa polypeptide that was associated with a 10 kDa polypeptide and contained pyrrolo-quinoline quinone (PQQ) as a prosthetic group. Chloroethanol-grown cells of strain G J 10 also contained an inducible NAD-dependent chloroacetaldehyde dehydrogenase. Its involvement in the metabolism of 2-chloroethanol was inferred from its absence in a 2-chloroethanol non-utilizing mutant. Three different isolates of X . autotrophicus that do not utilize 2-chloroethanol for growth produced chloroethanol dehydrogenase and chloroacetaldehyde dehydrogenase activities at similar levels as strain GJ10. It is concluded that both dehydrogenases are involved in the metabolism of natural compounds and due to their broad substrate specificity fortuitously also play a role in the metabolism of the xenobiotic compounds 1,2-dichloroethane and 2-chloroethanol.
METHODS
Organism and growth conditions. All organisms used in this study were strains of Xanthobacter autotrophicus (Wiegel et al., 1978) . The characteristics of strain GJlO were described by Janssen et al. (1984, 1985) . Strain GJlOM41 is a 1,2-dichloroethane non-utilizing mutant that was isolated as described below. Strain GZ29 and strain 7C (the type strain of this species ; Wiegel et al., 1978; Tunail & Schlegel, 1974) were kindly donated by Professor H. G. Schlegel. Strain XD was isolated as a methanol utilizing organism and was a gift from Dr L.
Dijkhuizen.
Cells were grown aerobically at 30 "C in a mineral salts medium (MMV) containing (1-I) 5-37 g Na2H-P04.
12H,O, 1.36 g KH2P04, 0.5 g (NH4)$04, 0.2 g MgSO4. 7H20, 5 ml salts solution and 1 ml vitamins solution (Janssen et al., 1984) . Carbon sources were added as indicated at 10 mM. For the isolation of 2-chloroethanol dehydrogenase, cells were grown on 20 m~-2-chloroethanol in a 10 1 fermenter (Braun Biostat E) at pH 7.0 and 70% oxygen saturation. Preparation of crude extracts. Cells were collected by centrifugation, washed with 10 m~-T r i s / H~S 0~ buffer, pH 7.5 (Tris buffer), and resuspended in Tris buffer [2 ml (g wet wt)-']. The cells were disrupted by sonication [ 10 s (ml suspension)-l at 60 W output in an Ultrasonics W-375 sonicator]. After centrifugation (30 min, 45000g), a crude extract was obtained and used for enzyme assays within 6 h.
Enzyme as,says. Alcohol dehydrogenase activities were determined at 30 "C in a biological oxygen monitor equipped with a Clark-type oxygen electrode. Incubation mixtures contained (in a final volume of 6 ml) 60 mMsodium pyrophosphate buffer (pH 9.0), 23 mM-NH,Cl, 4 mM-substrate and a suitable amount of enzyme in 1 ml Tris buffer. The reaction was started by the addition of 0.2 ml 30 mM-phenazine methosulphate (PMS), and oxygen consumption was followed. One unit of activity (U) is defined as that catalysing an oxygen consumption rate of 1 pmol min-l. Values were corrected for oxygen uptake in the absence of substrate.
Chloroacetaldehyde dehydrogenase activities were assayed spectrophotometrically at 30 "C by following the reduction of NAD at 334 nm. Reaction mixtures contained (in a final volume of 1 ml) 100mM-sodium pyrophosphate, pH 8-75, 1 mM-NAD, 1 mM dithiothreitol, 10 mM-p-mercaptoethanol, 5 mM-chloroacetaldehyde, and a suitable amount of enzyme in 0.1 ml Tris buffer containing 1 mM-dithiothreitol and 1 0 m~-&mercaptoethanol. The latter two compounds were added to the crude extracts immediately after preparation, since this was found to stabilize enzyme activity. The reaction was started by the addition of substrate. One unit is defined as the activity catalysing the formation of 1 pmol NADH min-1.
1,2-Dichloroethane dehalogenase and chloroacetic acid dehalogenase were assayed by following chloride production as described by Janssen et al. (1985) and Keuning et al. (1985) . Protein concentrations were determined by the Lowry method using bovine serum albumin as the standard.
Purification of2-chloroethanol dehydrogenase. The enzyme was purified at 4 "C from 2-chloroethanol-grown cells (1 3 g dry wt) principally according to the procedure described by Schar er al. (1985) for the isolation of methanol dehydrogenase from Hyphomicrobium MS223. Briefly, crude extract was prepared in 10 mM-sodium pyrophosphate buffer, pH 9.0, containing 10 mM-methanol (PPM buffer), and subsequently fractionated by stepwise addition of solid ammonium sulphate. The 55-80% saturation precipitate was dissolved in 10 ml PPM buffer, dialysed overnight against 2 1 PPM buffer, and then applied to a DEAE-cellulose column (Whatman DE52, 2 x 30 cm) that had been previously equilibrated with PPM buffer. Activity passed through the column without retention and was concentrated by precipitation with ammonium sulphate (80% saturation). The enzyme was further purified by Sephacryl S-300 chromatography. Activity was eluted from the column (2 x 100 cm) with PPM buffer, concentrated by ammonium sulphate precipitation, and applied to a Sephadex G-100 column (2 x 80 cm). After elution with PPM buffer, fractions containing the highest activity were pooled and stored frozen at -20 "C until used.
Molecular mass determinations. The subunit size of the protein was determined by SDS-PAGE on 10% or 15% (w/v) polyacrylamide according to the method of Laemmli (1970) . The following proteins were used for calibration : phosphorylase B (92 kDa), bovine serum albumin (68 kDa), ovalbumin (45 kDa), aldolase (40 kDa), chymotrypsinogen (25 kDa) and cytochrome c (1 2.4 kDa). The gels were stained with Coornassie brilliant blue.
The molecular mass of the native enzyme was estimated using a Sephadex G-100 column that was run as described above. The column was calibrated with alcohol dehydrogenase (145 kDa), bovine serum albumin, ovalbumin, trypsin inhibitor (20.1 kDa) and cytochrome c. All calibration proteins were obtained from Boehringer.
Cross-linking with the bifunctional reagent N,N-dimethylsuberimidate (0.5-5 mg ml-' in 0.2 M-triethanolamine buffer, pH 8.5) was done for 16 h at 30 "C, using an enzyme solution (1 mg ml-l) that has been previously dialysed overnight against triethanolamine buffer.
Isolation ofl,2-dichloroethane non-utilizingmutants. Mutants of strain GJ 10 that do not utilize 1,2-dichloroethane for growth were obtained after nitrite mutagenesis and glycine contraselection, using a procedure adopted from Wilke & Schlegel (1979) . Mutants were contraselected for 20 h in MMV medium containing 2% (w/v) L-glycine and 5 m~-l,2-dIchloroethane; surviving cells were grown in MMV medium containing 10 mM-glycolic acid for 20 h. After two enrichment cycles, cells were plated on MMV medium with glycolate as carbon source. Mutants were identified by replica plating, purified and stored on nutrient agar plates. Table 2 . Pur9cation of 2-chloroethanol dehydrogenase
The enzyme was purified from 13 g (dry wt) of 2-chloroethanol-grown cells, according to the procedure given in Methods. After each step, methanol dehydrogenase and 2-chloroethanol dehydrogenase activities were determined in the pooled fractions.
Dehydrogenase activity 
R E S U L T S
Identijcation and regulation ojenzymes involved in 2-chloroethanol metabolism Crude extracts of 2-chloroethanol-grown cells of X . autotrophicus G J 10 were found to contain 41 5 mU (mg protein)-* of PMS-linked 2-chloroethanol dehydrogenase activity. Without addition of ammonia to the assay mixture or with Tris/H,SO, buffer instead of sodium pyrophosphate buffer, a value of 240 mU (mg protein)-' was obtained. No activity could be detected when PMS was omitted from the incubation mixture or when it was replaced by 1 mM-NAD or NADP.
With 2-chloroacetaldehyde as the substrate, crude extracts of 2-chloroethanol-grown cells reduced NAD at a rate of 68 mU (mg protein)-', under the standard assay conditions. No chloroacetaldehyde dehydrogenase activity could be detected with NADP or PMS as the electron acceptor. With Tris/H2S0, buffer instead of sodium pyrophosphate buffer in the incubation mixture, an activity of 35 mU (mg protein)-' was obtained. The enzyme was stabilized in crude extracts by addition of reducing agents, with less than 20% inactivation occurring during storage at 4 "C for 20 h. The optimum pH for activity was 8.7.
The two dehydrogenases were inducible enzymes (Table 1) . During growth with 2-chloroethanol, 1,2-dichloroethane or ethanol, the formation of both chloroethanol dehydrogenase and chloroacetaldehyde dehydrogenase was derepressed. Growth with methanol or glycolate only derepressed 2-chloroethanol dehydrogenase, showing that the enzymes are not coordinately regulated.
Purification and characterization of 2-chloroethanol dehydrogenase 2-Chloroethanol dehydrogenase was purified from crude extracts of cells grown with 2-chloroethanol as carbon source; the purification scheme is summarized in Table 2 . The enzyme was purified 39-fold, with an overall yield of 12%, which implies thdt 2-chloroethanol dehydrogenase accounts for at least 2.5 % of the total cellular protein. Methanol dehydrogenase activity copurified with 2-chloroethanol dehydrogenase : the ratio of the activities measured with 2-chloroethanol and with methanol as substrate was constant at 0.9 throughout the purification procedure. SDS-PAGE of the purified enzyme gave two polypeptide bands. Calibration indicated that these had molecular masses of 60 kDa and 10 kDa, showing that a small polypeptide remained associated with the 60 kDa protein during the two gel filtration steps. Gel filtration on Sephadex G-100 indicated that the molecular mass of the purified native dehydrogenase was 66 kDa. However, after dialysis of the purified enzyme against 10 mM-Tris/H,SO,, pH 7.5, and rechromatography on Sephadex G-100, a molecular mass of 120 kDa was obtained. This value was also found when gel filtration was done in 50 mM-sodium phosphate buffer, pH 7.5, indicating that the subunit composition of the enzyme strongly depends on the experimental conditions.
Dimers of 2-chloroethanol dehydrogenase were also found after treatment with the bifunctional coupling reagent dimethylsuberimidate (Fig. 1) . The appearance of a protein band at 70 kDa suggests that the reagent couples the 10 kDa polypeptide to the dehydrogenase. It is reasonable to assume that the bands with molecular masses of 115 kDa, 125 kDa and 135 kDa are generated, respectively, by a dehydrogenase dimer, a dimer with one 10 kDa protein, and a dimer coupled to two 10 kDa proteins.
The absorption spectrum of the purified 2-chloroethanol dehydrogenase showed a maximum at 345 nm with a shoulder at 410 nm, which is characteristic of alcohol dehydrogenases containing PQQ as a prosthetic group (Anthony, 1982; Duine & Frank, 1981a) . 2-Chloroethanol metabolism Dehydrogenase activity with 2-chloroethanol or methanol as the substrate was maximal at pH 9.0-9.4 and a temperature of 40 "C. At temperatures of 50 "C or above, the enzyme was rapidly inactivated. The purified dehydrogenase catalysed the oxidation of a wide range of primary alcohols. 1 -Propanol, 1 -butanol, 1-octanol, 2-chloroethanol, 2-bromoethanol and formaldehyde were oxidized at 80-90% of the rate found with methanol. The highest rate (120%) was found with ethanol, while 1-pentanol (41%) and 3-propenol (72%) were also substrates for the enzyme. No activity was found with 2-propanol, 2-butanol, isobutylalcohol, acetaldehyde, propionaldehyde, butyraldehyde or chloroacetaldehyde. Glycolate, which induced the formation of the enzyme, was not a substrate.
Characterization of' a I ,2-dichloroethane non-utilizing mutant
Enrichment for 1,2-dichIoroethane non-utilizing mutants yielded strain GJ 1 OM41 which was unable to grow with 1,2-dichloroethane or 2-chloroethanol as sole carbon source. Mutant GJlOM41 was able to grow on glycolate, methanol or citrate, but ethanol was a poor carbon source, giving a doubling time of 40 h, compared to 5.9 h for the wild type. Doubling times with methanol were 5.4 and 5-2 h for strains GJlO and GJlOM41, respectively. In crude extracts of strain GJlOM41, prepared from cells grown on glycolate, methanol or ethanol, no chloroacetaldehyde dehydrogenase activity could be detected, while dehalogenase and 2-chloroethanol dehydrogenase levels were normal (Table 3 ). This suggests that the primary defect in strain GJIOM41 is a lack of chloroacetaldehyde dehydrogenase activity. The mutant was found to lack both 2-chloroethanol dehydrogenase and chloroacetaldehyde dehydrogenase when grown on a medium containing citrate and 2-chloroethanol, which may be caused by inactivation of the .alcohol dehydrogenase by accumulating chloroacetaldehyde, or impairment of its synthesis by mutational or regulatory events.
The loss of 2-chloroacetaldehyde dehydrogenase activity in mutant GJ 10M41 had another secondary effect: toxicity of 2-chloroethanol. In batch cultures, the doubling time of strain GJlOM41 with citrate plus 2-chloroethanol as carbon sources was 45 h, compared to 6 h for GJlOM41 with citrate alone and 6.5 h for the wild-type with both citrate and 2-chloroethanol in the medium. Addition of 2-chloroethanol to cells growing with methanol as carbon source caused a rapid inhibition of growth in strain GJlOM41 but not in strain GJlO (Fig. 2) . Thus, the inability to convert chloroacetaldehyde gives 2-chloroethanol the characteristics of a toxic substrate for this mutant.
Enzymes of' I ,2-dichloroethane metabolism in other strains of' Xanthobacter
The ability to produce dehydrogenases that are active with chlorinated substrates could be either specific for strain GJ10, or it could be a general characteristic of Xanthobacter. This was investigated by comparing strain GJlO with three different strains that do not utilize 1,2-dichloroethane or 2-chloroethanol for growth, but can grow on glycolate. During growth on GJlO (a) and mutant GJlOM41 (b) were grown in batch culture with methanol as the carbon source. At the time indicated by the arrows the cultures were divided in two parts and to one of these 1 m~-2-chloroethanol was added. Growth was followed at 450 nm. A, 2-Chloroethanol added; 0 , control. ethanol, X. autotrophicus strains GZ29, 7C and XD produced 2-chloroethanol and chloroacetaldehyde dehydrogenases at similar levels as strains GJlO (Table 4 ). The three strains did not produce 1,2-dichloroethane dehalogenase or chloroacetate dehalogenase, indicating that only the dehydrogenases should be considered as general enzymes of X . autotrophicus.
D I S C U S S I O N
The results presented in this paper demonstrate that the oxidation of 2-chloroethanol to chloroacetate in X . autotrophicus GJ 10 is catalysed by two different dehydrogenases. The chloroethanol dehydrogenase appeared to be a PQQ-containing alcohol dehydrogenase that due to its broad substrate specificity was active with 2-chloroethanol. Quinoprotein alcohol dehydrogenases have been identified in several methylotrophic bacteria (Anthony, 1982; . The enzymes require ammonia or amines for activity and catalyse the oxidation of several primary alcohols. It has been shown that 2-chloroethanol can be a substrate for these enzymes (Anthony & Zatman, 1967; Beardmore-Gray et al., 1983) .
The quinoprotein alcohol dehydrogenase of X . autotrophicus GJlO was found to be a 60 kDa polypeptide with which a 10 kDa protein was associated. A subunit molecular mass of 60 kDa has been found for several other dye-linked alcohol dehydrogenases (Anthony, 1982; Schar et al., 1985) . Recently, Weaver & Lidstrom (1985) observed simultaneous induction of 60 kDa and 10 kDa polypeptides in Xanthobacter H4-14 during growth on methanol, and they suggested that the 10 kDa polypeptide could be a cytochrome cH. Together with cytochrome cL, this protein is involved in electron transport from the dehydrogenase to cytochrome oxidase during oxidation of methanol (Beardmore-Gray et al., 1983) . However, from the absorption spectrum of the purified dehydrogenase, we conclude that the 10 kDa protein found here has lost its haem group or is not a cytochrome.
The molecular mass of undenatured alcohol dehydrogenase was 66 kDa or 120 kDa depending on the composition of the buffer used for gel filtration. Thus, subunit composition is a poor criterion for the classification of quinoprotein dehydrogenases. Regarding substrate specificity, the alcohol dehydrogenase of X . autotrophicus GJ 10 strongly resembles the methanol dehydrogenase of Methylophilus methylotrophus (Beardmore-Gray et al., 1983) , Methylomonas methanica (Patel et al., 1978) and Methylosinus sporium (Patel & Felix, 1976) . The enzyme described here is similar to these proteins in having a high isoelectric pH, as indicated by its lack of binding to DEAE-cellulose at pH 7.5.
Formaldehyde was a good substrate for the alcohol dehydrogenase. The oxidation of this compound is assumed to be the result of hydration to the gem-diol (Sperl et al., 1974) . Acetaldehyde and higher aldehydes (up to C,) are not substrates for the enzyme, although they are also highly hydrated in water. This can be explained by assuming the presence of two different catalytic sites on the enzyme Schar et al., 1985) . On the other hand, there seems to be a correlation between enzyme activity with higher aldehydes and activity with secondary alcohols. The alcohol dehydrogenase from Rhodopseudomonas aciduphila (Sahm et al., 1976; Yamanaka & Minoshima, 1984) , Hyphomicrobium MS223 (Schar et al., 1985) and an unidentified Gram-negative bacterium (Duine & Frank, 1981 b) are exceptional in that they show activity with secondary alcohols. For these enzymes, C2 to C4 aldehydes are also substrates. Thus, an alternative explanation is that the lack of oxidation of both higher aldehydes and of secondary alcohols is caused by steric hindrance, since unlike primary alcohols and formaldehyde, these compounds have two bulky groups bound to the same carbon atom as the hydroxyl group of the substrate.
Radiochemical labelling and experiments with spheroplasts have suggested that the PQQdependent alcohol dehydrogenase of methylotrophic bacteria is a periplasmic enzyme (Kasprzak & Steenkamp, 1983; Alefounder & Ferguson, 1981) . The soluble 1,2-dichloroethane dehalogenase of X . autotrophicus GJlO seems to be a cytoplasmic enzyme, as suggested by the presence of N-formylmethionine at the amino terminus (Keuning et al., 1985) . The above would imply that during growth with 1,2-dichloroethane the substrate is taken up into the cytoplasm to become dehalogenated to 2-chloroethanol, which is subsequently exported to the periplasm to undergo conversion to chloroacetaldehyde, followed by re-uptake and further metabolism in the cytoplasm. In accordance with this, we observed that 2-chloroethanol may transiently accumulate in the medium during growth of strain GJlO with 1,2-dichloroethane in batch culture (up to 0.5 p~-2-chloroethanol with 5 mM substrate; details not given).
The second dehydrogenase that plays a role in 1,2-dichloroethane and 2-chloroethanol utilization appeared to be an inducible NAD-dependent chloroacetaldehyde dehydrogenase. Its involvement in 2-chloroethanol metabolism was evident from the observation that the enzyme was lacking in a mutant that could not grow with 1,2-dichloroethane or 2-chloroethanol, but that still utilized glycolate. The enzyme is also involved in the metabolism of the natural compound ethanol, as shown by the extremely slow growth of the mutant when this alcohol was provided as sole carbon source. N AD-dependent chloroacetaldehyde dehydrogenase has previously been demonstrated in a 1,2-dichloroethane utilizing bacterium that was assumed to degrade 1,2-dichloroethane directly to chloroacetaldehyde by an oxidative reaction (Stucki et al., 1983) .
The evolutionary development of catabolic routes for the degradation of anthropogenic compounds is an intriguing problem. Here, we have shown that the chloroethanol dehydrogenase and the chloroacetaldehyde dehydrogenase produced by X . autotrophicus G J 10 for the metabolism of 1,2-dichloroethane should be considered as normal proteins with a function in the metabolism of the natural compounds methanol (and other primary alcohols) and ethanol, respectively. Both enzymes seem to be generally present in Xanthobacter, including strains that do not utilize chlorinated substrates, and fortuitously play a role in the metabolism of xenobiotic compounds due to their broad substrate specificity. The additional ability to produce two constitutive dehalogenases allows strain G J 10 to utilize chlorinated substrates. Whether these dehalogenases are encoded by some transmissible genetic elements remains to be determined.
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